In this study, we investigated the effect of positive dielectrophoresis (DEP) on gene expression in mesenchymal stem cells. When applying an alternating current voltage, human bone marrow derived mesenchymal stem cells (UE7T-13) exhibited a positive DEP, and were compressed onto the electrode surface. The constructed device can easily control the DEP force to the cells by changing the frequency. Interestingly, gene expressions of the cell differentiation marker in UE7T-13 cells and the mechanical stimulation-susceptible one were changed by applying a positive DEP. These results suggested that the gene expression in mesenchymal stem cells can be regulated by applying mechanical stimulation derived from DEP.
Introduction
The biological functions of cells, such as proliferation, migration, and differentiation, are affected by several factors, including interactions with extracellular matrix (ECM) and neighboring cells, 1 and the local environment, such as the redoxstate. 2 Recently, mechanical stimulation has also attracted much attention in the field of cell biology because the cellular function, including cell differentiation, is regulated by mechanical stimulation. 3 For example, it has been reported that specific gene expression in a stimulated part of the Drosophila embryo can be up-regulated by partial mechanical stimulation with a microneedle. 4 Although mechanical stimulation to the cells is recognized as being an important factor to control cellular functions, conventional methods for cell stimulation have difficulty to control the intensity and timing of mechanical stimulation with simple procedures and equipment.
Dielectrophoresis (DEP) is a manipulation technique for particles on the basis of the interaction between a nonuniform electric field and the charge polarizations on particles. 5 Particle movement towards a high electric field region is referred to as positive DEP, while that towards a low electric field region is referred to as negative DEP. These DEPs can be applied to biological cells, and have thus been used as a technique for the patterning, 6 separation, 7 and modifying of cells. 8 The intensity and timing of the DEP force against cells can be easily controlled by regulating the applied voltage and frequency, as well as the conductivity for cell suspension. Although DEP has been employed in the fields of cell biology and cell engineering, 9 there have been no studies concerning a gene expression change of a differentiation marker in mesenchymal stem cells after applying DEP.
In this study, we constructed a DEP device with saw-shaped electrodes; then the frequency-dependency of the DEP forces applied to UE7T-13 cells was investigated. In addition, the gene expression levels of human bone marrow derived mesenchymal stem cells (UE7T-13) were studied after applying a positive DEP.
Experimental
A saw-shaped ITO electrode on a DEP device was fabricated by a conventional photolithographic technique, reported previously. 6 Briefly, a positive photoresist (S1818G, Rohm and Haas Electronic Materials K.K.) was spin-coated on the ITO electrode, and UV light (SP-7 SPOT CURE, USHIO Inc.) was irradiated through a saw-shaped photomask for 18 s. The UV light intensity was 0.33 mW/cm 2 , as measured at 254 nm by a UVC-254 (CUSTOM corporation). The substrate was immersed in an etchant solution (ITO-02, Kanto Chemical) for about 15 min under ultrasonic waves to remove any unnecessary portion of the ITO electrode. Thirty-micrometer-thick polyester films (Nitto Denko Corp.) were used as a spacer of the DEP device, and were sandwiched between the upper ITO and the lower substrate having a saw-shaped ITO electrode (Fig. 1a) . Figure 1b shows a top view of the constructed saw-shaped ITO electrodes.
UE7T-13 cells were cultured in D-MEM (High Glucose) with L-glutamine and phenol red (Wako Pure Chemical Industries, Ltd.) with 10% fetal bovine serum (Biowest Inc.) and 1% penicillin-streptomycin-neomycin (Thermo Fisher Scientific Inc.).
Before cell injection into the DEP device, a blocking reagent N102 (NOF Corp.) was coated onto the surface of the device. UE7T-13 cells were suspended at 1 × 10 7 cells/mL in a 250 mM sucrose medium (conductivity: 0.5 mS/m) and injected into the DEP device because sucrose medium not only makes the cells more polarizable than the surrounding medium, but also protects the cells from stress due to osmotic pressure. An alternating current (AC) voltage was applied between the upper ITO electrode connected to the ground and the lower saw-shaped ITO electrode with 20 V peak-to-peak (Vpp) at frequencies from 30 kHz to 20 MHz by using a waveform generator (Agilent Technologies, Inc.).
DEP forces applied to UE7T-13 cells were measured using Eq. (1):
where m is the mass of the cell, S is the average migration length of the cells and t is the migration time to reach the sawshaped electrode. The mass of each cell was assumed to be the same. The DEP force was normalized by regarding the value of the average DEP forces at a frequency of 1 MHz as 1.
After applying a positive DEP to UE7T-13 cells at a frequency of 250 kHz for 1 h, the cell viability and the gene expression were measured by fluorescent microscopy with a Live-Dead staining kit (BioVision, Inc.) and a real-time PCR (StepOne TM Real-Time PCR System, Thermo Fisher Scientific Inc.) with SYBR Green (Thunderbird SYBR qPCR Mix, TOYOBO Co., Ltd.), respectively. The primers used for real-time PCR were as follows: runt-related transcription factor 2 (RUNX2, forward primer 5′-CAC TGG CGC TGC AAC AAG A-3′; reverse primer 5′-CAT GAC AGT AAC CAC AGT CCC ATC-3′), nestin (NES, forward primer 5′-CAA CGT ACA CCC CGA TCC T-3′; reverse primer 5′-AGA ACC CAA CTC CTC CTG CTC-3′), peroxisome proliferator-activated receptor γ (PPARγ, forward primer 5′-CAA GAA GAC GGA GAC AGA CAT GAG-3′; reverse primer 5′-ACT GGA AGA AGG GAA ATG TTG G-3′), adhesion G protein-coupled receptor E5 (ADGRE5, also called CD97, forward primer 5′-TGT GGT GCG CGT GTT CCA A-3′; reverse primer 5′-TGC TCA AAG TCC AAC CAG CAG TAT C-3′), and reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH, forward primer 5′-CCC TTC ACC TAC ATT TCC CCT TCG-3′; reverse primer 5′-GAG GGG AGA TTC AGT GTG GTG-3′).
Results and Discussion
We developed a DEP device with a saw-shaped electrode by photolithography. Figure 1 shows an illustration of the constructed DEP device (Fig. 1a) and the saw-shaped electrode (Fig. 1b ). An interdigitated electrode was employed in this study, because the interdigitated design is convenient for determining the end point of the etchant process by measuring the continuity. The saw-shaped electrode allows the cells to be captured onto the electrode and to form spherical cell-aggregates (spheroid) by applying positive and negative DEPs, respectively. In this study, the effect of a positive DEP on the gene expression in the UE7T-13 cells was investigated. Figure 2a shows a microscopic image of the constructed saw-shaped electrode. The width, short gap, and long gap of the constructed electrode were approximately 25, 38, and 108 μm, respectively. To confirm the force property against UE7T-13 cells by the constructed DEP device, an AC voltage (20 Vpp) at a frequency of 250 kHz was applied. The cells dispersed randomly in the device before applying the DEP (Fig. 2b) . After applying the AC voltage, as shown in Fig. 2c , almost all UE7T-13 cells were moved towards a high electric field, and compressed onto the surface of saw-shaped electrodes. During this process, the UE7T-13 cells migrated to the electrode by the DEP force, and were stimulated by the compressive force onto the electrode generated from the positive DEP (Figs. 2d to 2f ) .
To investigate the frequency-dependency of the DEP forces to the cells by positive DEP, the DEP force to the UE7T-13 cells was measured according to a method reported previously. 10 As shown in Fig. 3 , the average value of the relative DEP force at 1 MHz was significantly higher than that at 30, 50, 100 kHz. In contrast, the DEP forces at frequencies of 10 and 20 MHz significantly decreased compared to that at 1 MHz. This profile implied that the DEP force to the cells could be controlled by regulating the frequency of the AC voltage.
The viability of UE7T-13 cells was investigated by staining the cells with a Live-Dead staining kit after applying a positive DEP for 1 h. The rate of living cells was approximately 80%, which was normalized to that of UE7T-13 cells introduced into the DEP device without applying an AC voltage (data not shown). Thus, the gene expression levels could be estimated by the cells with a viability of 80%. Then, we evaluated the effect of positive DEP on the gene expression levels in UE7T-13 cells by real-time PCR. The gene expression levels of RUNX2, NES, PPARγ, and ADGRE5(CD97) in the UE7T-13 cells were measured after positive DEP for 1 h. UE7T-13 cells incubated in the DEP device for 1 h without applying a voltage were used as a control. As shown in Fig. 4 , by applying the positive DEP to the cells, the gene expression levels of RUNX2 and NES were significantly down-regulated. In contrast, there was no significant difference in the gene expression level of PPARγ. RUNX2, NES, and PPARγ are markers of osteogenesis, neurogenesis, and adipogenesis differentiations, respectively. In a previous report, the cell density was shown to affect the differentiation of mesenchymal stem cells; these cells cultured under a high seeding density favored to adipogenesis, while those cultured under a low density favored osteogenesis.
11
Considering the down-regulation of RUNX2 and NES gene expression with almost no change of PPARγ gene expression, it is possible to suggest that a compressive force by the positive DEP maintains a small cell size, and provides a favorable condition for adipogenesis to the UE7T-13 cells. To our knowledge, this is first report to show the changes in the gene expressions related to cell differentiations after applying DEP. In addition, the gene expression levels of ADGRE5(CD97) was also significantly down-regulated. It has been reported that the gene expression level of ADGRE5(CD97) in human mesenchymal stem cells was significantly down-regulated by applying mechanical stimulation generated from dynamic compression for a day, indicating that ADGRE5(CD97) is a susceptible gene against mechanical force.
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Therefore, the down regulation of the ADGRE5(CD97) gene expression level presumably indicates that the UE7T-13 cells receive the compressive force by positive DEP. Although the effect of DEP to the cells was generated from not only compressive force, but also the stress by an electric field and the interaction with neighboring cells, mechanical stimulation derived from DEP might be considered to be an important factor to change these gene expression levels.
Conclusions
We confirmed that the constructed DEP device can easily control the positive DEP force applied to UE7T-13 cells by changing the frequency of the AC voltage. In addition, an alternation of the gene expression levels related to cell differentiations in mesenchymal stem cells was investigated by applying the compressive force of positive DEP. These results suggest that mechanical stimulation derived from the cell DEP device has a potential to regulate the gene expression in mesenchymal stem cells. Regarding this study, we reported here the experimental results of positive DEP against free UE7T-13 cells, though negative DEP can also be generated by the constructed DEP device, which allows the cells to form densely packed aggregates of cells on the space between neighboring electrodes. Since cell-cell interaction also plays an important role in the regulation of cell function, this saw-shaped electrode would be a device for the analysis of mechanical stimulation, including cell-cell interaction.
